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WAC—the National Bureau of Standards Western 
Automatic Computer—is now being operated 24 
hours a day, 5 days a week to solve a wide range of 
complex problems in physics, engineering, mathe- 

matics, statistics, and meteorology. At present over 70 
percent of this time is devoted to problem solution, the 
remainder being reserved for maintenance, engineer- 
ing development, and testing of new equipment. 

SWAC is a general-purpose digital computer con- 
structed by NBS in 1950 under the sponsorship of the 
Wright Air Development Center. The first of the high- 
speed electronic computers to be completed with the 
very fast Williams-tube (cathode-ray tube) memory, 
SWAC operates at a rate of 16,000 additions or 2,600 
multiplications per second. 

Recently the scope and complexity of the problems 
that the machine can handle have been greatly extended 
through the installation and successful operation of a 

‘magnetic-drum auxiliary memory. Based on the prin- 
ciple of the magnetic-tape recorder, the new memory 
holds 16 times as much mathematical information as 
the cathode-ray-tube memory, with which it will be 
ie to increase the overall memory capacity of the 
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machine. ‘The magnetic drum will also act as a store- 
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house for a library of numerical methods or routines 
of instructions which, when obeyed by the machine, can 
facilitate the solution of a large class of problems. 

SWAC was designed and built at the NBS Institute 
for Numerical Analysis in Los Angeles to provide a 
rapid, powerful computational tool on the West Coast 
and to aid in the Institute’s program for the further 
development and increased utilization of the art of 
machine computation. The ultra-high-speed machine 
has been used by NBS principally to solve aircraft 
problems originating with the Air Force and its con- 
tractors, other problems in science and engineering 
submitted by Government agencies, and mathematical 
problems arising in connection with the Bureau’s work 
on computation methods and computing machine 
development. 

SWAC’s high-speed results from its special Williams- 
tube memory and its parallel mode of operation. The 
memory unit consists of a bank of cathode-ray tubes 
that store information as bright spots of charge. The 
unit is operated in parallel, that is, all the digits of a 
number are transferred in or out of the memory simul- 
taneously, thus greatly reducing the time required for 
transfer of information. In serial machines, such as 
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those using acoustic-delay-line memories, numbers and 
instructions are represented by trains of electrical 
pulses. But in SWAC parallel circuits transfer num- 
bers and instructions almost instantly, within the time 
of a single pulse (about one tenth of a microsecond). 
Arithmetic operations are also carried out in parallel, 
with a consequent increase in speed of computation. 
In its parallel method of operation SWAC differs from 
SEAC (National Bureau of Standards Eastern Auto- 
matic Computer), a serial machine constructed by 


NBS at its Washington (D. C.) laboratories 


Magnetic-Drum Memory 


While the cathode-ray-tube type of memory delivers 
information at a very rapid rate, its capacity is limited 
by the number of digits that can be stored on the face 
of a single cathode-ray tube. To provide greater flexi- 
bility and computing power, a magnetic drum external 
memory was developed by R. Thorensen and associates 
of the NBS staff. With the drum memory, many com- 
plicated types of problems can be handled by transmit- 
ting information out of the computer for storage and 
then feeding the information back into the computer at 
a later stage of the problem. 

SWAC’s drum memory, like those developed else- 
where, is a revolving metal drum that retains numbers 
and instructions on its surface in the form of magnetic 
pulses like those used in tape recording. At intervals, 
blocks of magnetic pulses are removed from the drum 
by a magnetic head and are taken into the computer 
to be transformed electronically into spots of charge 
in the Williams-tube memory, where they remain until 
called for by the control unit. 


Magnetic drum 
memory recently added to 
SWAC to increase its prob- 
lem solving capacity. The 


called words, each word consisting of 37 binary digits, 
the equivalent of 11 decimal digits. (The binary num- 
ber system is analogous to the decimal system, but its 
base is 2 rather than 10.) The magnetic drum has a 
capacity of 4,096 words of 37 binary digits each, im | 


contrast with the 256-word capacity of the cathode- 
ray—tube memory. This high-capacity memory makes 
possible the solution of very large sets of simultaneous _ 
equations, such as arise in logistics; certain types of 
partial differential equations that occur frequently in 
aeronautical research, in heat-transfer problems, in 
electromagnetic theory, and in other fields; and com- _ 
binatorial problems, applications of which have Tes | 
cently engaged the attention of scientists. Instruction — 
routines stored on the drum will handle, among other — 
things, the conversion of information from a decimal | 
representation into the binary representation used by - 
the machine, as well as the final conversion back to | 
decimal form when it is required to print out results. - 

In the construction of the magnetic drum, primary | 
consideration was given to simplicity of design and 
maximal efficiency in the transfer of information be- | 
tween it and the cathode-ray-tube memory. A drum | 
memory ordinarily has a much larger capacity than a_ 
Williams-tube memory, but access to a drum memory is _ 
generally slow. In particular, if information is re- 
quired from some specific location on the drum, the. 
computer may have to wait up to a maximum of one. 
drum revolution before receiving any information. | 
However, in the magnetic-drum memory developed for | 
SWAC, access time is shortened in two ways: (1) Num-, 
bers are transferred in sizable blocks from the magnetic 
drum memory to the cathode-ray tube memory, thus. 
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revolving metal drum retains 
numbers and instructions on 
its surface as magnetic pulses. 
Blocks cf magnetic pulses are 
removed from the drum by a 
magnetic head and taken into 
the computer to be _ trans- 
formed _ electronically into 
spots of charge in the Wil- 
liams tube memory. 
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memory. The high storage 


capacity of the drum memory 
makes possible the solution 
of very large sets of simul- 
taneous equations, such as 
arise in logistics; certain 
types of partial differential 
equations which occur fre- 
quently in aeronautical re- 
search, heat transfer prob- 
lems, electromagnetic theory, 
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lution, thus eliminating all waiting time. 
the access time per word is reduced to 500 microsec- 


General view of SWAC, showing Williams memory 
behind operating console (center foreground), cabinets 
containing control unit on either side of memory, other 
eabinets in left background containing magnetic-drum 
auxiliary memory and its control circuitry, punched- 
card input-output system in front of magnetic-drum 


memory, and paper-tape input unit on right of console. 


minimizing the total number of times the drum memory 
must be consulted. (2) The numbers in each of these 
blocks are stored sequentially around the cirmumfer- 
ence of the drum so that one block forms a band or 
channel completely encircling the drum. When a trans- 
fer to or from the drum memory is made, the whole 
channel is handled at one time. Transfer of informa- 
tion starts immediately after the proper channel has 
been selected and continues for exactly one drum revo- 
In this way 


onds—about 145 of the normal access time of a mag- 
netic drum memory. 

Information is stored serially on the drum in 40- 
binary digit words. The first 36 digits represent 
numerical information, the 37th digit gives the alge- 
braic sign, while the remaining three digit positions 
are empty. Thirty-two words are stored in each chan- 
nel and constitute a basic transfer block. As the drum 


rotates at 3,600 revolutions per minute, 32 words are 


transferred in approximately 17 thousandths of a 
second. 

The drum contains 128 information channels plus 
4 timing channels. The timing channels feed a timing 
generator, which generates a pulse for each digit space, 


a pulse for each word space, and a reference pulse for 


each revolution of the drum. The pulses marking each 
word space go to an address counter, which counts 
from 0 through 31. This counter continuously keeps 


track of the word spaces as they pass under the mag- 


netic read-write heads. 


The reference pulse is used to 
initially synchronize this counter with the drum. 
The cathode-ray-tube memory operates in parallel 


with the serial magnetic-drum memory, and the two 
-are not in synchronism. 
tween the memories is therefore not possible. 


Direct communication be- 
Infor- 


mation from the drum must first be played back into 
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a vacuum-tube shifting register and then transferred 
in parallel to the cathode-ray-tube memory. Each digit 
takes 13 microseconds to play back, so the 3 empty digit 


spaces in each word give a total delay of 39 micro- 
seconds between words. 


This delay is more than ade- 
quate for transferring a number from the register to 
the cathode-ray-tube memory and for clearing the 
register to receive new information. 

__ The entire drum-memory system consists of less than 


-a dozen different types of basic single-tube plug-in 


units that are developed to a high degree of stability 
under the variety of conditions of loading and aging. 
Only about 250 vacuum tubes are used. 

In addition to the drum memory, plans call for a 
slow-speed auxiliary memory consisting of a magnetic- 
tape unit. It will have a much larger capacity than 


October 1953 


| 


the other two memories, holding approximately 4,000,- 
000 binary digits, but its average access time will be 
quite long—about 314 minutes. 


Deveson of SWAC 


SWAC is automatically sequenced, that is, it auto- 
matically performs all of the logical and arithmetical 
operations required to solve a particular problem once 
it is supplied with coded instructions and numerical 
data. The computer stores in its high-speed memory 
not only the numbers involved in the computation but 
also the instructions necessary to perform the compu- 
tation. This makes it possible for the calculator to use 
fully the speed of the Williams-tube memory, doing 
complete arithmetic operations in a few microseconds. 

The computer proper is housed in a single console 
approximately 12 ft wide, 5 ft deep, and 8 ft high. It 
consists of three major parts: An arithmetic unit, a 
memory unit, and a control unit. Four other parts 
complete the computer system; they are the magnetic- 
drum memory, the input-output units, the operating 
console, and the power supply. 

The arithmetic unit performs the arithmetic opera- 
tions of addition, subtraction, and both rounded-off 
and exact multiplication. It also performs the logical 
operations of comparison and extract. Comparison 
involves changing the course of the computation de- 
pending on the relative sizes of two numbers. Extract 
divides numbers up into parts that the computer can 
handle in different ways. The arithmetic unit receives 
information from the memory in the form of numbers 
to be operated upon and instructions as to the nature 
of the operation. Having acted upon such instructions 
and completed the operation, the arithmetic unit re- 
turns the answer to the memory. 

The memory feeds its information to the arithmetic 
unit in accordance with instructions it receives from 
the control unit. The control unit consists of electronic 
circuits from which control the operations of the com- 
puter proper. This unit takes information from the 
input unit, directs it to the memory, tells the memory 
when to send information to the arithmetic unit, tells 
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Interior view of SWAC. Arithmetic unit is at left, and 
at right is control circuitry on inner side of console. 


the arithmetic unit when and where to return answers to 
the memory, and controls the feeding out of completed 
solutions to the output unit. 

SWAC uses both a punch-card input-output system 
and a paper-tape system. For card input, the coded 
problem is punched on a standard IBM card, and the 
answer is received in the same way. In the paper-tape 
input-output system, a coded problem punched in paper 
tape is fed into the machine, and answers are auto- 
matically given in typed form by an electric typewriter. 

The operating console, an office desk with specially 
built panels mounted on its top surface, permits the 
human operator to control the operations of the machine 
and to watch the machine as it operates. The console is 
provided with control switches and neon lights that 
indicate what is taking place inside the machine. 
Oscilloscope screens make it possible for the operator 
to view the memory pattern of any given unit of the 
Williams tube memory. 

SWAC is supplied with electrical power, carefully 
regulated in voltage, by means of a motor-generator 
set and related equipment, largely electronic in nature. 
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The computer is thus isolated from line voltage flue- 
tuations that might affect its operation. About 30. 
kilowatts are consumed when the machine is operating. 


Williams-Tube Memory 


cathode-ray tubes. each of which can store 256 digits 
on its face in a matrix pattern of dots and dashes. The 
dots represent “0” while the dashes represent “1”. As| 
SWAC is a binary machine, all decimal numbers and 
instructions are fed into it in a code which utilizes only) 
the digits 0 and 1. | 

The number of digits that can be stored on the face of 
one cathode-ray tube determines the number of words 
that can be stored in the memory. That is, the nth 
cathode-ray tube stores the nth digit of each word. 
Thus, a given word has one digit stored in the same 
relative position in each of the tubes. This makes it 
possible to position all of the electron beams at a given’ 
location, or address, in the memory and thus to transfer 
all of the digits of a word simultaneously. As a result, 
the time required to transfer a word to or from the 
memory is only 16 microseconds. 

To produce either a dot or a dash at a given spot 
on the face of a Williams-tube unit, the electron beam. 
is turned on to produce a spot of charge on the screen. 
If the beam is left on only long enough to establish. 
equilibrium and is then turned off, a dot is produced. 
If the beam is left on longer and is deflected from the 
dot position by the superposition of a small sawtooth 
voltage on the positioning voltages, a dash is produced. 
The dots and dashes are read off by an amplifier, which 
picks up the signal from the tube screen, amplifies and | 
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reshapes it, and causes the electron beam inside the| 


tube to place a signal back on the face of the tube. 

Unless this type of storage is continually renewed or | 
regenerated, the original charge pattern tends to dis- | 
appear over a period of time as the charged spots’ 
gradually collect stray electrons. Thus, to provide con- | 
tinuous storage, an electron beam is made to inspect 
successively each point of charge and to energize elec-. 
tronic circuits that, when necessary, restore the charge | 
to its initial value. The regeneration process takes | 
place during short intervals that alternate with the 
reading-in or reading-out of information in the memory. 
In this renewal process the machine spends only 8 
microseconds on each point of charge on the face of 
the tube, and complete regeneration occurs 250 times | 
a second. Such a continuous regeneration process © 
makes it possible to store information indefinitely. A. 
crystal-controlled oscillator regulates both the rate of | 
regeneration of the memory and the operations of the’ 
arithmetic unit. 


The Williams-tube memory consists of a bank of 4 


Operating Experience 


SWAC contains about 2,600 tubes and 3,700 crystal _ 
diodes. The average tube life is between 8,000 and — 
10,000 hours. To date, very few tubes have been lost | 
on account of heater failure. The largest percentage — 
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of tube failures have resulted from low emission and 
Intermittent shorts. 

All electronic components in the computer proper 
are mounted on removable plug-in chassis, so that 
faulty operation can usually be corrected by replacing 
-abad chassis with a good spare. The faulty chassis can 
then be repaired in the laboratory without loss of com- 
puter time. The majority of the plug-in chassis contain 
an average of 10 tubes each; however, the magnetic- 
drum circuits are built of much smaller units, usually 
consisting of a single tube. 

One of the difficulties encountered with the cathode- 
ray—tube type of memory is “spillover,” or redistribu- 
tion of charge, which limits the number of times the 
spots adjacent to a particular spot may be read before 
the spot in question must be regenerated. To mitigate 
this difficulty, circuits have been installed that elimi- 
nate most of the drift in the patterns on the face of the 
tubes. A substantial improvement in operating time 
has resulted. 

Other improvements have been achieved by rebuild- 
ing certain parts of the circuitry that have shown a 
high out-of-order maintenance time. A substantial im- 
provement in operating time occurred when an air- 
‘conditioning unit was installed to maintain the incom- 
ing air in the ventilation system at a constant tempera- 
ture. This minimized the temperature cycling of crystal 
diodes and substantially decreased their failure. 
General operating efficiency has also been increased 
by the addition of a loudspeaker and buffer tube with 
‘a plug-in arrangement allowing the operator to 
“listen” to any of the commands in a problem. For 
example, an alternate succession of add and subtract 
commands produces an 8-kilocycle note. 

Recently, by the addition of one tube and a few 
crystals, a converting output command was obtained. 
This command, effective only with the output type- 
writer and tape punch, converts fractional binary num- 
bers to octal, decimal, or any other base up to 16. 


— 
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Left: One of the 37 cathode-ray tubes that make up SWAC’s Williams-tube memory. 
‘dots and dashes from the face of one of these tube units. 


Right: Memory pattern of 


Problems Solved 


During the 8-month period ending June 1, 1953, 
SWAC spent an average of 53.2 hours a week in actual 
computing. The remainder of the operating time was 
spent in code checking, memory adjustment, mainte- 
nance, testing of components, and development of im- 
proved facilities. More than 50 problems were 
handled in the past year, ranging from minutes to hun- 
dreds of hours in running time. During this period 
the punched-card input-output systems was operative, 
but the magnetic drum had not yet been installed. 

Problems in least squares, reduction of data, heat 
transfers, stress analysis, and a tremendous variety of 
other physical phenomena can be described by systems 
of linear equations. However, most of the methods now 
in common use for solving such equations are varia- 
tions of the elimination method developed by Gauss. 
These methods all tend to yield answers of low sig- 
nificance when the matrix of the coefficients is almost 
unity. Using SWAC for extensive numerical trials, 
M. R. Hestenes and E. Stiefel of the NBS staff recently 
developed a new approach, known as the conjugate 
gradient method, which appears to have broad utility 
for the solution of problems arising in applied physics 
and engineering. SWAC has now solved many systems 
of equations of order 10 to 15. Codes have been pre- 
pared for the solution of systems of any order up to 40, 
but no system of that high order has as yet been solved. 
However, the characteristic values and their associated 
vectors have been found to nine significant decimal 
digits for a 45th order system, as well as for systems 
of order 10 to 20. 

In the field of differential equations, a large amount 
of computing time has been devoted to the study of 
associated Legendre functions, p”™ (x), which are im- 
portant in mathematical analysis of radiation fields 
from antennae. The specific problem was the deter- 
mination of the nonintegral values of the order (n) 
which, for fixed values of degree (m) and argument 
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Checking the operation of a part of SWAC’s control 
circuitry. 


(x), would make the value of the function zero. For 
each combination of m and x, an infinite set of discrete 
values of n will satisfy the requirements. SWAC found 
the first 30 values of n corresponding to 1 value of x 
and 3 values of m. 

With the aid of SWAC, NBS has carried on research 
in the application of the so-called “Monte Carlo” 
method to the solution of complicated differential equa- 
tions and of previously unsolved statistical problems 
in nuclear physics. The Monte Carlo method, de- 
veloped by J. von Neumann of the Institute for Ad- 
vanced Study at Princeton and S. Ulam of Los Alamos 
Scientific Laboratory, is a new mathematical technique 
that solves a physical or mathematical problem by 
creating an artificial statistical model of the physical 
or mathematical process involved. It applies the same 
techniques that are used in analyzing games of chance 
to the analysis of physical problems where the events 
are random and are governed by the laws of prob- 
ability. Large-scale computers such as SWAC provide 
an excellent means for the solution of problems of this 
kind because they are able to create conditions that 
imitate the statistical behavior of the given problem. 
Thus, the randomness of the event can be taken care of 
by putting into the extended memory of the machine a 
set of random numbers which are first tested for their 
random quality. SWAC has been used to compile large 
groups of random digits, to explore their statistical 
behavior, and to investigate their utility for solving 
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partial differential equations by random walk processes. 
Recently problems concerning nuclear forces have been 
attacked by means of the Monte Carlo method. 

Problems in the evaluation of definite integrals have 
arisen from studies in probability and statistics. One 
such problem, the computation of a table of survival | 
probabilities for biological experiments, required the 
evaluation of 12,500 double integrals with each variable 
ranging from plus to minus infinity. This table was | 
computed in 177 hours. A second table, for biological 
experiments in which the exact level of a radiation dose 
is unknown, required the evaluation of 7,500 single 
integrals, this time with an infinite lower limit and a 
finite upper limit. 

Many applied problems have dealt with the reduction 
of large blocks of data. A study of the large-scale | 
circulation patterns in the earth’s atmosphere was typi- | 
cal. Some 750,000 pieces of data, each 5 decimal | 
digits in length, were processed to yield about the same | 
number of answers. SWAC spent 325 hours on this 
problem. | 

SWAC has also been applied to several combinatorial — 
problems. In some it has exhaustively searched 
through all possible combinations of the variables. 
One such problem was that of finding different sets, 


that is, a set of nm numbers such that all n (n—1) non- | 
zero differences give distinct remainders when divided | 
by n?—n—1. Another problem, involving permuta- 
tions, dealt with the optimal assignment of duties in 
an organization. 

SWAC has proved an effective tool for the analysis | 


of Fourier synthesis of X-ray diffraction patterns of 
crystals. Such analyses, at present being carried on by | 
members of the Chemistry Department of the Univer- | 
sity of California at Los Angeles, lead to the determina- 
tion of the arrangement of molecules inside the crystals. 
In the field of pure mathematics, SWAC has been | 
used to study the primality of Mersenne numbers, that | 
is, numbers of the form 2?—1, where p is a prime. | 
These numbers, when prime, are related to the “perfect | 
numbers” of the Greeks, which are the sum of all their 
integral divisors excluding themselves. The present | 
list of values of p that yield prime numbers is as follows: | 


2, 3, 5, 7, 13, 17, 19,31, 61, 89, 107, 5215 607m 
1,279, 2,203, and 2,281. | 


The last five values were added to the list by SWAC 
as a result of the systematic testing of all prime num- | 
bers up to 2,297, 

Mathematical research directed toward more effective’ 


utilization of electronic digital computers is continuing | 


at the NBS Institute for Numerical Analysis. Further | 
progress in this program should materially increase | 


the scope of the problems that SWAC and other high- 


speed computers can handle and should also make pos- | 
sible additional savings in actual computing time. 


For further technical details, see The SWAC— 
design features and operating experience, by H. D. 
Huskey, R. Thorensen, B. F. Ambrosio, and E. C. 
Yowell, Proc. IRE (October, 1953). For details 
about SEAC, see SEAC, NBS Technical News Bulletin 
34, 121 (Sept. 1950) . 
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Various low-alloy irons and steels in- 
vestigated by NBS differed widely in 
resistance to underground corrosion. 
These steel specimens buried in two 
typical soils for 13 years indicate 
improved corrosion resistance that 
results from increasing the chromium 
content. A, plain open-hearth steel; 
C, steel with 1.02 percent chromium, 
0.42 percent copper; K, steel with 
2.01 percent chromium, 0.57 percent 
molybdenum; D, steel with 5.02 per- 
cent chromium; E, steel with 4.67 
percent chromium, 0.51 percent 
molybdenum. Soil 55 (upper row) 
was well-oxidized acid silt loam defi- 
cient in soluble salts; soil 61 (lower 
row), poorly aerated clay containing 
a moderate amount of _ soluble 
material. 
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Corrosion of Low-Alloy Trane and Steels in Soils 


HE EXTENSIVE use of low-alloy, high-strength 

steels in many kinds of above-ground construction 
is based largely on the fact that these steels corrode 
more slowly than plain carbon steels under most at- 
mospheric conditions. Unlike steels containing high 
percentages of alloying metals, low-alloy steels are not 
inherently resistant to corrosion. Instead, they owe 
their corrosion resistance to the development of an 
adherent layer of corrosion products, which reduces 
further corrosion to a negligible or at least tolerable 
rate. Since these protective deposits develop normally 
under conditions of good aeration, the usefulness of 
low-alloy steels as a class for underground construc- 
tion would seem to depend on their ability to develop 
and retain protective deposits under the conditions of 
deficient aeration that are characteristic of corrosive 
soils. 

A recent study by the Bureau provides new informa- 
tion on the corrosion of certain low-alloy irons and 
steels in soils. Specimen plates of several of these 
materials (containing up to about 6 percent of total 
alloying elements), together with reference specimens 
of plain steel, were buried at 15 different test sites for 
periods up to 13 years. 

Included in the Bureau’s study, which was conducted 
by I. A. Denison and M. Romanoff of the NBS cor- 
rosion laboratory, were specimens of copper-molybde- 
num open-hearith irons, nickel-copper steels, and 
chromium steels with and without molybdenum. Sets 
of specimens were removed at regular intervals over 
the 13-year period, and after removal of corrosion 
products the weight losses and depths of the deepest 
pits were measured. 

The steels containing 4 to 6 percent of chromium 


generally lost only about half as much weight as did - 


plain steel under the same conditions. However, the 
greater corrosion resistance of the alloy steels as 
measured by weight loss was not generally accom- 
panied by a corresponding reduction in the maximum 
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depth of pits. The least pitting was observed on speci- 
mens that contained molybdenum in addition to 
chromium. 

The change in the rate of pitting with time was 
found to depend on the composition of the steel. AlI- 
though the initial rate of pitting was greater for the 
alloy steels the depths of the deepest pits in the alloy 
steels were usually less than in the plain steel. This 
indicates that after the maximum period of exposure 
the alloying constituents induce the formation of cor- 
rosion products that tend to reduce the rate of pitting 
with time. In an environment unfavorable to the de- 
velopment of protective deposits of corrosion products 
the alloy steels could be expected to develop deeper pits 
than plain steel would, because the greater initial rate 
of pitting of the alloy steels would tend to be main- 
tained. This tendency toward accelerated pitting of 
alloy steels was actually observed in a few highly re- 
ducing soils in which the deposition of a protective 
scale was impossible because of the solubility of the 
corrosion products. 

Provided their corrosion resistance in a prospective 
environment is sufficient, low-alloy steels may be of 
interest for certain applications because of their high 
strength. The NBS study indicates that alloy steels 
may in some cases be appropriate choices for certain 
types of underground construction, such as piling, in 
which mechanical strength, rather than ability to con- 
tain a fluid indefinitely without leakage, is of primary 
importance. However, whether the superior properties 
of an alloy steel justify its higher initial cost should be 
given due consideration. 

For further technical details, see Corrosion of low- 
alloy irons and steels in soils, by Irving A. Denison and 
Melvin Romanoff, J. Research NBS 49, 315 (Nov. 
1952) ; reprinted as NBS Research Paper 2367, avail- 
able for 10 cents from the Superintendent of Docu- 


ments, Government Printing Office, Washington 25, 
DMC 
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Cryogenic Kngineering Laborato 


MAJOR low-temperature engineering facility, con- 
sisting of a liquid-hydrogen plant and a cryogenic 
laboratory, has been placed in operation at the National 
Bureau of Standards site at Boulder, Colorado. Known 
as the NBS-AEC Cryogenic? Engineering Laboratory, 
the new $3,500,000 installation makes possible large- 
scale production of liquefied gases which have not 
previously been available in sufficient quantity for 
laboratory and industrial development and testing. 
The Cryogenic Engineering Laboratory was initiated 
by Dr. F. G. Brickwedde, chief of the NBS heat and 
power laboratories, and was designed under his direc- 
tion, in cooperation with the Atomic Energy Commis- 
sion, to provide facilities needed for the development 
and evaluation of cryogenic equipment for use at tem- 


*Cryogenic (from the ancient Greek kryos, icy cold) is an 
° ° : 66 ’ 
adjective meaning “very cold” or “at very low temperature.” 
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Left: Master panel 
board in hydrogen- 
liquefaction plant. 
Identical sections 
at left are used to 

he control flow of 
a pee nttredl hydrogen through 

2 ° . 

SUPPLY liquefier. Dials re- 
cord and control 
level of liquid hy- 
drogen and liquid 
nitrogen in lique- 
fiers and purifiers, 
indicate and regu- 
late pressure, and 
record tempera- 
ture. End _ panel 
section (at right) 
contains additional 
temperature re- 
corders and_ indi- 
cators to show 
amount of gas in 
external gas hold- 
ers. Superimposed 
diagram shows the 
hydrogen liquefier 
(exclusive of com- 
pression and puri- 
fication. systems). 


peratures near absolute zero. The Bureau’s long- 
standing program of fundamental research on the 
properties of liquid helium, superconductivity, second 
sound, paramagnetism, and other phases of low- 
temperature physics remains at the NBS Washington 
laboratories. 

Low-temperature activities at Boulder are carried on 
by a staff of 60 NBS personnel, under the supervision 
of R. B. Scott. Besides the production of liquid hydro- 
gen and liquid nitrogen in unusually large quantities, a 
program of research and development, directed chiefly 
toward the improvement of low-temperature equip- 
ment, is well under way. 

Low-temperature liquefied gases—oxygen, hydro- 
gen, and nitrogen-——are finding increased application 
in industry and national defense, making necessary 
larger, more convenient, and less hazardous equipment 
for producing and handling these liquids. As a result, 
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many new and highly complex engineering problems 
have arisen in the low-temperature field, where much 
remains to be learned about the behavior of engineer- 


ing materials. At liquid-hydrogen temperatures, nor- 
mally trustworthy construction steels become brittle, 
rubbers lose their elasticity, and the mechanical proper- 
ties of plastics are greatly altered. In general, there 


Liquefaction plant contains two liquid- 
nitrogen generators for nitrogen separa- 
tion and liquefaction. John E. Schrodt 
of NBS stands in front of one. Within 
large cylindrical case is combination lique- 
fier and liquid-air distillation column that 
removes oxygen from liquid-air mixture. 
To its right is air-expansion engine. In 
smaller tank at extreme left is activated 
alumina for removal of moisture from air. 
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are such marked differences between the behavior of 
matter at ordinary and very low temperatures that the 
low-temperature properties cannot be obtained by ex- 
trapolation. The NBS-AEC Cryogenic Engineering 
Laboratory is investigating structural and other engi- 
neering properties of matter at low temperatures to 
provide the needed data and is developing more satis- 
factory materials and equipment for low-temperature 
use. 

The Boulder installation is located on a 210-acre 
tract, the site also of the Bureau’s large radio propa- 
gation laboratory now under construction. It consists 
of three principal units: A liquid hydrogen plant, a 
liquid nitrogen plant, and a group of laboratories for 
research and development. ‘Two large concrete build- 
ings—one housing the liquefying plants and the other 


for the experimental laboratories and shop—provide 
a total floor space of 34,000 square feet. There are 
also several auxiliary buildings and test sites. 

Both major buildings are equipped with many safety 
and anti-explosion devices to minimize the hazards of 
working with liquid hydrogen in large quantities. The 
hydrogen liquefying and purifying equipment, which 
was designed and constructed by NBS, is in duplicate 
so that the plant can be operated continuously without 
shutdown. The experimental laboratories have been 
designed with emphasis on versatility in order to make 
possible continuing research in a variety of fields of 
science and engineering as the need arises. 


Hydrogen Liquefaction 


Liquid hydrogen—the lightest of all known liquids— 


has a density 144 that of water and boils just 20 Centi- 
grade degrees above absolute zero at atmospheric pres- 


sure. Only liquid helium has a lower boiling point. 
Originally classed by Michael Faraday as a “perma- 
nent gas,” hydrogen has such a low critical temperature 
(—240° C) that it was not liquefied until 1898. If at 
ordinary temperatures (above —80° C) hydrogen is 
allowed to expand through a throttling valve without 
doing external work—the so-called Joule-Thomson 
expansion—the result is not a cooling effect, as with 
most other gases, but a heating effect. Evidently at 
temperatures above —80° C, known as the inversion 
temperature, the thermal energy lost by the expanding 
hydrogen gas (in overcoming the relatively slight forces 
of molecular attraction between the lightweigh hydro- 
gen molecules) is more than balanced by the heat pro- 
duced as the expanding gas molecules push each other 
out of the way. Thus, in order to liquefy hydrogen by 
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expansion, it must first be cooled below —80° C by 
some other means. 

Actually, the further hydrogen is cooled below the 
inversion temperature before expansion, the greater is 
the Joule-Thomson cooling effect. For this reason, in 
the NBS hydrogen liquefier the hydrogen, after first 
being compressed, is precooled with liquid nitrogen to 
as low a temperature as possible before the Joule-Thom- 
son expansion. Liquefaction is then accomplished by 
allowing the compressed, cooled hydrogen to expand 
through the Joule-Thomson valve from a pressure of 
about 1,800 lb/in? to atmospheric pressure. For maxi- 
mum efficiency in cooling during the course of the 
process, extensive use is made of counterflow “heat 
exchangers,” in which the high-pressure gas is cooled 
as it passes through many turns of coiled tubing sur- 
rounded by colder low-pressure gas moving in the 


Duplicate compressor systems in the 
nitrogen-liquefaction plant. Air 
drawn in from the roof of the plant 
is compressed in five stages to a pres- 
sure of 3,000 pounds per square inch. 
The two large cylindrical tanks in the 
foreground contain cooling systems 
for the compressors. The tall cylin- 
drical tanks in the background are 
caustic purifiers, through which the 
air is run between the second and 
third compression stages for removal 
of carbon dioxide. At the extreme 
left is the air expansion engine of 
one of the nitrogen liquefiers, and 
slightly to the right of the engine is 
a combination liquefier and _ frac- 
tionation column. 


opposite direction from a later stage of the liquefaction 
cycle. 

Commercial hydrogen is transported to the NBS 
plant for liquefaction in mobile tube banks. The 
hydrogen is stored in these and in similar stationary 
tube banks at the Laboratory at a pressure of 2,100 
to 2,400 lb/in? until needed in the plant. From the 
storage tubes, the gas flows at reduced pressure (25 to 
50 Ib/in?) through a tank containing a palladium 
catalyst, which removes small amounts of oxygen (by 
promoting the O+H.,=H;,0 reaction), and then to 
water-cooled four-stage compressors. Two 3,000-cu 
ft gas holders in the line between the deoxidizing equip- 
ment and the compressors provide a ballast for opera- 
tion of the plant and also serve to maintain a small 
pressure in the line. 

Leaving the compressors at room temperature and a 
pressure of about 2,000 lb/in?, the gas is next purified 
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by means of a system consisting of oil-water separators 
to remove suspended liquid, a refrigeration drier to 
remove water and oil vapor, and an adsorption purifier 
of silica gel cooled to liquid nitrogen temperature for 
removal of nitrogen and other gases. After the puri- 


_ fied hydrogen has given up some of its heat energy in 


passing through counterflow heat exchangers, further 
cooling is attained in the liquid-nitrogen precooler, 
where the hydrogen passes through coiled tubing im- 
mersed in liquid nitrogen boiling at reduced pressure. 
From the precooler, the gas passes through a final heat 


exchanger and then through the Joule-Thomson expan- 


sion valve, where part of the hydrogen is liquefied by 
the expansion. 
Upon leaving the liquefier, the liquid hydrogen is 


transferred into storage containers through specially 


designed vacuum-insulated transfer lines. These “‘pipe- 
lines” have been used to carry the liquid 50 ft or more, 
and it appears likely that this distance can be greatly 
extended if desired. 

The NBS hydrogen liquefier is unique in that all 


_ the heat exchangers as well as the liquid-nitrogen pre- 
_ cooler are contained in a single large vacuum-insulated 


metal dewar having an internal length of 7.5 ft and an 
internal diameter of 2.5 ft. An identical dewar sur- 
rounds the silica-gel adsorption purifier. Inasmuch as 
the hydrogen liquefying equipment is in duplicate and 
each liquefier is provided with two silica-gel purifiers 
for alternate use, the hydrogen plant contains six of 
the large dewars altogether. 

The upper two-thirds of the liquefier dewar contains 
three heat exchangers and the liquid nitrogen precooler. 
These heat exchangers are in parallel and are equipped 
with adjusting valves that permit distribution of the 
flow of entering hydrogen between the exchangers in 
such a way as to obtain maximum efficiency in the 
cooling process. The lower third of the liquefier dewar 
serves as the liquid hydrogen collection pot. It also 
contains the final heat exchanger and the Joule- 
Thomson expansion valve. The portion of the hydro- 
gen that was cooled but not liquefied in passing through 
the expansion valve is used as a refrigerant in the final 
heat exchanger and in one of the initial heat ex- 
changers, while the liquid nitrogen vapor from the pre- 
cooler is the refrigerant in the other two heat 
exchangers. 

The refrigeration drier and silica-gel adsorption 
purifier are arranged as a unit. Hydrogen gas enters 
the drier case at room temperature and passes over heat 
exchanger tubes where it is cooled by outflowing gas 
inside the tubes. The water and oil impurities are 
condensed out as the gas flows through the drier toward 
the nitrogen purifier. The gas is finally cooled to 
liquid nitrogen temperature by passing through a coil 
submersed in liquid nitrogen in the purifier dewar. At 
this temperature nitrogen gas present as an impurity 
in the hydrogen is readily adsorbed by the silica gel 
as it flows through the silica-gel coil. 

For efficiency and convenience of operation, the 
hydrogen liquefaction system is extensively equipped 
with automatic instruments, recording devices, and 
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Above: Apparatus for determination of heat-conduct- 
ing properties of metals and plastics at low temperatures. 
Heat is applied electrically to cylindrical specimen in 
eryostat at right. Thermocouple junctions measure 
resultant temperature gradient. Robert Powell is adjust- 
ing smaller potentiometer to measure current and 
potential of heaters. Paul Baird is using manometer 
at right of cryostat dewar to read pressure within cryostat. 
Below: Equipment for study of mechanical properties 
of metals at very low temperatures. Specimen in cryostat 
behind panel board is subjected to tensile stress by 
hydraulic system. Stress, strain, and temperature meas- 
urements are being obtained from instruments on panel 
board by Robert Goettlemen and recorded by Max Crum. 


servomechanisms. For example, level indicators * and 
controllers developed by NBS measure the liquid- 
hydrogen level and automatically maintain the proper 
level of liquid nitrogen in the adsorption purifier dewar 
and in the precooler. An automatic control instru- 
ment regulates throttle valves in the vacuum pumping 
lines to keep the pressure over the pots of boiling liquid 
nitrogen just above the triple point for maximum cool- 
ing without freezing the nitrogen. Another automatic 
instrument controls the level of hydrogen within the 
gas holders; thus insuring that new hydrogen gas flows 
into the system at the same rate as liquid hydrogen is 
taken out. The nitrogen content of the hydrogen is 
measured by a thermal-conductivity apparatus, de- 
veloped in the Chemistry Division of NBS. Finally, 
whenever a part of the liquefaction plant is not op- 
erating properly, a general annunciation system rings 
a bell and flashes a light that indicates the particular 
part of the equipment that must be investigated. 


Nitrogen Liquefaction 


Liquid nitrogen (99.7 percent pure) for precooling 
the high-pressure hydrogen in the liquefier is produced 
in the liquid nitrogen plant, which consists of two com- 
plete and independent commercial units for purifying 
and liquefying the gas. Both units are usually operated 
simultaneously. Two 11,000-liter insulated storage 
containers, each having a loss rate of about 1.5 percent 
a day, make it possible to maintain a large supply of 
liquid nitrogen at all times. 

At atmospheric pressure nitrogen must be cooled to 
—196° C for liquefaction. In the NBS plant lique- 
faction is attained a few degrees above this tempera- 


* A liquid level indicator for condensed gases at low tempera- 
tures, by William E. Williams, Jr., and Emanuel Maxwell, Rev. 
Sci. Inst. (in press) . 
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ture because the pressure of the gas is kept somewhat 
higher. During the course of the process, nitrogen is 
separated from ordinary air drawn in from the roof of 
the plant and is ultimately cooled to liquefaction by a 
combination of processes involving refrigeration by 
contact with colder gases flowing back from later stages 
of the cycle, expansion through a Joule-Thomson valve 
and through an air-expansion engine, and fractional 
distillation for removal of oxygen and further lique- 
faction. 

The air from which the nitrogen is to be separated is 
first compressed to 3,000 lb/in? in five stages. Between 
the second and third compression stages it is run 
through a tank containing a solution of sodium hydrox- 
ide for removal of carbon dioxide. After three more 
compression stages have brought the pressure to 
3,000 Ib/in®, the gas flows through a drier containing 
activated alumina for removal of moisture. 

With carbon dioxide and water removed, the gas 
now consists essentially of nitrogen and oxygen at 
relatively high pressure. It next enters a heat ex- 
changer which it leaves by two different lines. One line 
is connected to the cold end of the heat exchanger— 
about —145° C—the other is connected at a point 
where the temperature is about 0° C. Through this 
latter line the high-pressure gas enters an expansion 
engine. Here its pressure is lowered as it does work 
against reciprocating pistons. The work thus developed 
is absorbed by an electric generator, and this loss of 
energy from the gas results in a lowering of its tem- 
perature to about —140° C. Further temperature 
reduction down to the liquefaction point is then ob- 
tained by passage through an auxiliary low-pressure 
heat exchanger. 

The line leaving the cold end of the main heat ex- 
changer goes to an expansion valve, where the pressure 
is reduced to about 5 atmospheres. The temperature 


Large reciprocating vacuum pumps 
in the hydrogen liquefaction plant. 
These pumps are used to reduce the 
boiling pressure—and hence the tem- 
perature—within the liquid-nitrogen 
precooler. Dean B. Berky is open- 
ing the vacuum beaker on the first 
of the three vacuum pumps. 
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is correspondingly reduced to the liquefaction point 


by the Joule-Thomson cooling effect, causing a fraction 


_of the air to liquefy. 


The expansion engine furnishes a sizable amount of 


refrigeration which indirectly serves to precool the air 


going to the expansion valve, thereby increasing by 
several times the efficiency of the process. Optimum 
performance of the system is obtained by regulation 
of the amount of air taken by the expansion engine. 


_ This is controlled by the speed of the expansion engine 


: 
. 
: 
. 
| 
| 


and the time the intake valve is open. 

The two streams of partially liquefied nitrogen- 
oxygen mixture join and flow to a distillation column, 
where the liquid nitrogen is separated from the mix- 
ture. Refrigeration for condensation of the nitrogen 
vapor that accumulates in the top of the distillation 
column is obtained by piping some of the oxygen-rich 
liquid in the bottom of the column into a jacket sur- 
rounding the top of the column. The liquid nitrogen 
is continuously tapped off into a reservoir and periodi- 
cally transferred to the large storage tanks. 


Safety Devices 


Among the many automatic safety devices in the new 
laboratory is a hydrogen-gas indicator, which continu- 
ously samples the air at eight points throughout the 
plant building. Whenever the hydrogen concentration 
reaches 10 percent of the lower explosive limit, this 
device sounds an alarm and automatically closes off 
all sources of hydrogen. In addition, a ventilating 
system has been installed that normally changes the 
air in the building every 2 minutes and is automatically 
speeded up to effect a complete change once a minute 
when the hydrogen alarm sounds. Other safety precau- 
tions include conducting floors to eliminate static 
sparks, a system that measures the concentration of 


Three hydrogen compressors in the 
liquid hydrogen plant. The com- 
pressors are four-stage and are water- 
cooled. Victor J. Johnson, project 
leader for plant operations, is stand- 
ing in front of a bank of air-operated 
selector valves that connect the com- 
pressors to either of the two hydrogen 
liquefying systems. 
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oxygen in the hydrogen with a sensitivity of 2 parts 
in a million, and means for venting hydrogen to the 
outdoors in an emergency. 


Research and Development 


Research and development at the NBS-AEC Cryo- 
genic Engineering Laboratory are directed principally 
toward safer and more convenient means for handling 
liquid hydrogen and toward increased knowledge of 
the properties of materials af very low temperatures. 
Efficient design of low-temperature equipment requires 
information on the mechanical and heat-conducting 
properties of many metals, alloys, and plastics over a 
temperature range extending from room temperatures 
down almost to absolute zero. The Bureau is now de- 
veloping apparatus for low-temperature measurement 
of the tensile and impact behavior and fatigue proper- 
ties of these materials. Such data are at present very 
meager and are mainly confined to those materials and 
temperatures encountered in aircraft design. Asa first 
step toward the accumulation of thermal conductivity 
data, apparatus has been designed which provides re- 
sults in the temperaiure range from 2° to 300° K. The 
new appartus is expected to make possible more rapid 
collection of data without loss of accuracy. 

Design of a large-capacity cryostat is also under way. 
This equipment will be used to provide a controlled 
low-temperature environment for many different kinds 
of tests of low-temperature materials. 

The Bureau is also working on the design of more 
efficient insulated lines for transfer or liquefied gases. 
A major part of this project is the development of 
valves, fittings, and couplings that will permit easy 
assembly, extension, and control of flow. 

Recently the efforts of the Bureau to obtain liquid 
parahydrogen on a large scale have met with signal 


success. Liquid hydrogen as usually produced has a 
high concentration of the molecular form known as 
orthohydrogen, in which the diatomic molecules have 
the two nuclear spins oriented in the same direction, 
But the low-temperature equilibrium form of hydro- | 
gen is nearly pure parahydrogen, in which the nuclear | 
spins in each molecule are opposed. Thus, ordinary | 
liquid hydrogen slowly changes to the para form with | 
an accompanying evolution of heat, and this heat | 
causes a serious loss of liquid hydrogen by evaporation | 
(about 1 percent per hour for fresh normal liquid | 
hydrogen). One of the liquefiers at the Cryogenic | 
Engineering Laboratory has been equipped with a | 
special catalyzing chamber that results in the produc- | 
tion of almost pure liquid parahydrogen. This liquid | 
hydrogen, being free of exothermic ortho-para con- | 
version, has excellent keeping qualities and can be | 
stored with little loss for many days. | 
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Flow diagram of the nitrogen liquefier. 


Dielectric Properties of Pure Substances 


“best” values of the dielectric constant; the selected 
values are placed in one of three categories of accuracy. 

Whenever feasible, the variation of dielectric constant | 
with temperature is represented by a concise function; | 


COMPREHENSIVE program for the critical com- 
pilation of the dielectric properties of pure sub- 
stances is being carried out by the National Bureau of 
Standards with the cooperation of the National Re- 


search Council and the International Union of Chem- 
istry. This work, now under the direction of Dr. A. A. 
Maryott of the NBS staff, is part of a more general 
program for the examination and compilation of world- 
wide physico-chemical data of industrial and scientific 
importance. The information thus far obtained on 
dielectrics is already being widely employed in pure 
and applied research and in engineering design. 

In recent years data on the properties of dielectric 
materials have become increasingly important not only 
to the designer and manufacturer of electronic equip- 
ment but also to the scientist who is studying molecular 
structure. The development of the high-frequency 
techniques of radar has opened up new areas of research 
and has given great impetus to the study of dielectrics. 
Because the literature on dielectrics is large, rapidly ex- 
panding, and widely scattered, there has been an acute 
need for a critical tabulation of selected dielectric 
properties. 

To date, the Bureau has completed and published 
two tabulations of dielectric properties. The first table 
of the series appeared as NBS Circular 514, Table of 
Dielectric Constants of Pure Liquids, by Arthur A. 
Maryott and Edgar R. Smith. This table contains 
values of the dielectric constant for approximately 800 
substances; it includes sections on standard liquids, 
inorganic liquids, and organic liquids, as well as a 
complete list of references. In the compilation of the 
table, the literature was critically examined to provide 
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in other cases values of dielectric constant are tabulated | 


for a number of selected temperatures. The section on 
standard liquids recommends as reference liquids. 10 


substances for which the values of dielectric constant | 


range from 1.2 to 80 and are considered to be accurate | 


to 0.2 percent or better. 

More recently a second circular (NBS Circular 537) 
entitled Table of Dielectric Constants and Electric 
Dipole Moments of Substances in the Gaseous State, 
has been completed by Arthur A. Maryott and Floyd 


| 


Buckley. Besides listing the dipole moments of about | 


350 substances, this publication gives best values for the 
dielectric constants of important reference gases, such 
as helium, hydrogen, oxygen, argon, air, nitrogen, and 
carbon dioxide. These values are based upon a con- 
sideration of the more reliable data at radio, micro- 
wave, and optical frequencies. As many measurements 
of dielectric constant are of a relative nature, the 


values for the reference gases will be particularly ap-_ 
plicable to the calibration of equipment. A majority — 


of the values of the dipole moment are derived from 
measurements of dielectric constant, and sufficient in- 


formation is included to permit the calculation of — 


dielectric constants from these values. Dipole moments 


determined by molecular-beam and microwave tech- | 


niques are also listed. 


Both NBS Circular 514 (30 cents) and NBS 
Circular 537 (20 cents) are available from the 
Superintendent of Documents, U. S. Government 
Printing Office, Washington 25, D, C. 
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ADAPTABLE 
ELECTRONIC 
CHASSIS 


ip RESPONSE to the need for a components chassis 
that would lend itself to varied and changing elec- 
tronic design, I. Rotkin and J. Guarracini of NBS have 
developed a widely adaptable chassis that is both eco- 
nomical and convenient. The design of the new chassis 
includes a rectangular frame made of °gx14¢ in. steel 
angle and sets of flat plates that are fitted to the frame 
with screws. The frames vary in size so that chassis 
may be made up as small 3x4x4 in. boxes, or 3x13x16 
in. models, or even whole networks of different-sized 
chassis. 

Conventional electronic chassis, normally built with 
five sides, often impose restrictions on the movement 
of tools used to drill and punch the required holes and 
recesses. After the components have been installed 
in the chassis and the experimental circuit tested, either 
a relatively expensive piece of equipment must be 


thrown away or valuable storage space must be used 


for an item that is only potentially useful. Even dur- 


ing the development stages of the circuit the design of 
conventional chassis does not lend itself to exposure of 
the circuit wiring and tube sockets to facilitate probing 
and rewiring. Sometimes a great simplification is 

ossible in the construction of equipment if several 
“breadboard” models can be pieced together, but this 
is a difficult task requiring complex mechanical struc- 


_ tures if the components are mounted in standard chassis. 


The chassis developed by NBS are produced in four 
standard sizes, all 3 in. high; 16x13, 13x8, 8x4, and 
4x4 in. Flat cover plates are drilled with holes that 
match screw-holes in the frames. The dimensions of 
the chassis and plates were chosen so that the long 


side of each chassis matches the short side of the next 


larger size. 


When desired, any of the six side plates 


_may be left blank or discarded entirely; thus, ventila- 


tion may be obtained for circuits requiring air circula- 
tion. No restrictions are placed on the kind of ma- 
terial from which the flat plates are made. Conse- 


quently, it is possible to eliminate much of the com- 


ponent insulation required when all-metal chassis are 
used. 

In development of a circuit the components may be 
assembled in “breadboard” style on one or more flat 
plates before final mounting on a suitable frame. This 
procedure facilitates and simplifies the often laborious 


Several adaptable electronic chassis designed by NBS. 
The 3x4x4 in. chassis (foreground) illustrates the free- 
dom of accessibility to components in even the smallest 
model. Other circuits may easily be added by mounting 
of the components on a plate of the proper size and 
screwing of the plate to the frame. For special require- 
ments plates of a nonconducting material may be used. 
The chassis (rear) are, from the left, the 13x16x3, 
8x13x3, and 3x4x3 in. models. 


details of drilling, punching, de-burring, or nibbling. 
Once the units have been mounted in the plates, they 
may be screwed onto the frames with all the wiring 
and tube sockets on the open (outer) side of the plate 
exposed to the probing of the test equipment. If the 
design and craftsmanship permit, these same plates may 
later be reversed; the wiring will then be protected, 
the tubes will be accessible for replacement, and the 
completed unit is ready for actual operation. 

If a component is a prototype or has become obsolete, 
only the plate containing the circuit in question need be 
removed from the frame and replaced with the improved 
circuit. The discarded plate can then be stripped of 
the easily removable components and stored in a shal- 
low drawer or cabinet until a similarly patterned plate 
is needed again. If desired, whole clusters of these 
versatile chassis may be assembled around or on top 
of a larger chasis—the frames are sufficiently standard- 
ized to permit this. In addition, the spacing between 
the holes permits the mounting of commercially avail- 
able bakelite terminal strips. 


The Richards Company of Arlington, Virginia, which 
now makes the chassis under contract to the National 
Bureau of Standards, has contributed several design 
improvements that have been incorporated in the final 
model. 
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